Introduction About 20% of patients operated with Roux-en-Y gastric bypass (RYGBP) experience poor long-term weight result. This study compared levels of leptin and gut hormones in long-term weight responders with non-responders after RYGBP. In a subgroup analysis, hormone levels were assessed in T2DM (type 2 diabetes mellitus) and normoglycemic participants. Methods Insulin, glucose, leptin, acyl-ghrelin, total PYY, active GLP-1, and GIP were measured during an oral glucose tolerance test (OGTT) in post-RYGBP subjects: 22 non-responders (BMI 40.6 ± 6.0 kg/m 2 after an excess BMI loss [EBMIL] of 26.0 ± 15.9%) and 18 responders (BMI 29.5 ± 3.5 kg/m 2 after an EBMIL of 74.9 ± 18.2%). Subjects were matched for preoperative age, BMI, and years of follow-up. Measures of glucose homeostasis were calculated, and body composition was measured. Results Fat mass-adjusted fasting leptin correlated negatively with %EBMIL (r = − 0.57, p < 0.01). Non-responders presented higher levels of leptin during the OGTT. Leptin decreased and ghrelin returned to baseline levels earlier in non-responders. Despite having higher insulin resistance than responders, non-responders demonstrated similar OGTT responses of GLP-1, GIP, and PYY. T2DM participants demonstrated lower GLP-1 levels than normoglycemic participants of similar weight. Conclusion Fasting leptin is associated with weight result after RYGBP, and hormonal responses to a glucose oral load might work towards promoting obesity in long-term non-responders after RYGBP. Poor long-term weight result and glycemic status after RYGBP are each associated with differences in peptide hormone levels.
Introduction
Bariatric surgery is considered to be a safe and reliable method to achieve substantial weight loss and relief of obesity-related comorbidities, with superior outcomes compared with nonsurgical alternatives [1, 2] . Roux-en-Y gastric bypass (RYGBP) [3] results in durable weight loss for most patients [4] , with marked hormonal changes occurring promptly after surgery, even before tangible weight loss ensues [5] . However, some degree of postsurgical weight regain is common, as noted in one-half of patients 2 years after surgery [6] . After 5 years, about 20% of patients will have lost less than half of their preoperative overweight [7] , a hallmark of failed bariatric surgery [8] .
To study mechanisms involved in weight loss and weight maintenance, research has been aimed at investigating various peptide hormones that regulate appetite and glucose homeostasis. Leptin is an adipocyte-derived hormone involved in satiety sensing and energy balance regulation that mainly changes in tandem with fat mass [9] . Leptin decreases after diet-induced weight loss and remains low during weight maintenance [10] . In obese subjects, decreased sensitivity to circulating leptin is suspected [11] . Amongst endocrine signaling hormones in the upper gastrointestinal tract, the orexigenic hormone ghrelin [12] and gastric inhibitory peptide (GIP) [13] are higher in obese individuals than in normal-weight individuals. After increasing during diet-induced weight loss, ghrelin and GIP both return to baseline levels during weight maintenance [14, 15] . These changes speak in favor of a transient regulatory role of ghrelin and GIP in diet-induced shortterm weight loss.
Glucagon-like peptide-1 (GLP-1) is an insulinogenic and anorexigenic hormone from the lower gastrointestinal tract. Fasting GLP-1 levels increase after diet-induced weight loss and after 1 year of weight maintenance [15] , and postprandial GLP-1 levels are lower in obese subjects than in lean subjects [16] . Peptide YY (PYY) reduces the postprandial insulin response and postprandial PYY was found to increase after dietinduced weight loss and remained higher than baseline 1 year after maintenance of reduced body weight [15] . GLP-1 and PYY are expected to dampen hunger signaling and promote weight loss, and thus, changes in these hormones after dietinduced weight loss are believed to contribute to long-term weight maintenance.
To identify hormonal differences associated with disparate long-term outcomes of bariatric surgery, the primary aim of this study was to compare circulating leptin and peptide hormones during an oral glucose tolerance test (OGTT) in subjects with and without satisfactory long-term weight loss after RYGBP. In a subgroup analysis, hormone levels in post-RYGBP subjects with type 2 diabetes mellitus (T2DM) were compared with weight-similar normoglycemic subjects.
Material and Methods

Participant Selection
Female subjects operated with RYGBP were screened for inclusion amongst 474 subjects answering our follow-up questionnaire regarding body weight 5 years after surgery. Selection criterion for non-responders was less than 50% excess BMI loss (%EBMIL), while responders were recruited from the remaining patients. Excess BMI was defined as BMI over 25 kg/m 2 , and 22.8% of answering subjects reported an EBMIL of < 50%. Non-responders (n = 22) and responders (n = 18) were matched at inclusion for preoperative age, weight, and height, as well as number of years between surgery and examination (Table 1) . After a median of 11 years after surgery, non-responders had a BMI of 40.6 ± 6.0 kg/m 2 and responders had a BMI of 29.5 ± 3.5 kg/m 2 , corresponding to an EBMIL of 26.0% ± 15.9% and 74.9% ± 18.2%, means ± SD, respectively. Because the majority of patients having bariatric surgery are female, male participants were excluded from the present study for the sake of uniformity.
T2DM Subgroup
T2DM subjects were identified according to the diagnostic criteria of the OGTT: fasting blood glucose values ≥ 7.0 mmol/L and/or blood glucose ≥ 11.0 mmol/L at the 120-min checkpoint of the test. Normoglycemic subjects were identified as having fasting blood glucose of < 6.1 mmol/L. To better define the groups, four participants with impaired glucose tolerance were excluded from the subgroup analysis. Thus, seven subjects with T2DM (BMI 34.7 ± 5.3 following EBMIL 46.2 ± 26.3%, 11.7 ± 4.5 years after surgery) were compared with 29 normoglycemic subjects (BMI 34.3 ± 6.5 following EBMIL 52.9 ± 27.9%, 11.7 ± 3.8 years after surgery, means ± SD respectively) regarding glucose homeostasis and hormone levels. There were 2 responders and 5 nonresponders in the diabetic group, and 15 responders and 14 non-responders in the normoglycemic group. T2DM subjects did not significantly differ from normoglycemic participants in preoperative age, BMI, %EBMIL, or years of follow-up.
Surgical Technique
The main part of the stomach and duodenum were excluded from the passage of ingested nutrients by the construction of a proximal gastric pouch. The jejunum was divided 30 cm after the ligament of Treitz, and the distal end was anastomosed to the gastric pouch. Biliary continuity was restored by anastomosing the proximal end to the jejunum, 70 cm distal to the gastroenteroanastomosis. All participants were operated upon using the same technique. All participants followed the same postoperative course and follow-up. 
Oral Glucose Tolerance Test
Participants were asked to fast overnight and to take no medications on the day of the examination. On arriving to the laboratory at 08:30 AM, they were informed about the OGTT details. An intravenous line was inserted into an antecubital vein, and anthropometric data (length and weight) were collected. Fasting blood samples were collected before ingestion of 75 g of glucose dissolved in 250 mL water to start the OGTT. Additional blood samples were drawn at 30, 60, 90, and 120 min after the oral glucose load. Samples were later assayed for leptin and acyl-ghrelin (hereinafter ghrelin), the incretins GIP and active GLP-1, as well as total PYY, insulin, and glucose.
Blood Sample Handling
A protease inhibitor cocktail was prepared, as described in earlier studies [17] [18] [19] , consisting of 5.5 μL 10 mM KR-6 2 4 3 6 [ 2 0 ] ( D P P 4 i n h i b i t o r ) i n D M S O a n d a SIGMAFAST® protease inhibitor tablet [21] (both produced by Sigma-Aldrich Corp., St. Louis, MO, USA, cat no. K4264 and S8830) dissolved in 2100 μL of distilled water (50× stock). Blood samples were immediately put on ice, and 160 μL of the 50× protease inhibitor cocktail was added. Tubes were vortexed for 10 s and centrifuged at 4°C, 10 min, and 2500 RCF. The resulting supernatant (plasma) was immediately frozen at − 25°C until assayed. Blood was also drawn into 6-mL tubes in parallel for HbA1c, insulin, and glucose analyses. These were sent at room temperature for analysis at the hospital clinical chemistry laboratory immediately after the examination was completed. 
Multiplex ELISA by Electrochemiluminescence
Measures of Glucose Homeostasis
Whole-body insulin sensitivity was estimated using the Matsuda Index [22] . β cell function was estimated by the insulinogenic Index, using the formula: Insulinogenic Index = (30 min insulin − fasting insulin)/((30 min glucose − fasting glucose) × 18) [23] . Glucose and insulin responses were calculated as the incremental area under the curve (iAUC) by use of the trapezoid rule on values obtained by calculating the difference between measures in each control point and baseline (fasting values).
Body Composition
As leptin is known to be produced in the adipose tissue, it was considered necessary to adjust leptin values for fat mass. For this purpose, body composition was measured in all participants at the examination using a combination of bioelectrical impedance analysis (InBody S20, Biospace, Seoul, Korea) and air displacement plethysmography (BodPod, Life Measurements Inc., Concord, CA, USA).
Statistics
Data were investigated for normality using the Shapiro-Wilk test. Parametric variables were described as mean ± standard deviation and non-parametric variables as median with interquartile range. Correlations between %EBMIL, and fasting leptin and ghrelin (non-normally distributed) were done using Spearman's productmoment correlation. The ratio between ghrelin and fat mass-adjusted leptin was calculated by dividing the former with the latter. 
Results
Leptin
Postsurgical weight loss, measured as %EBMIL, correlated negatively with fat mass-adjusted fasting plasma leptin (r = − 0.57, p < 0.001, Fig. 1 ). This finding was consistent in the normoglycemic subgroup (r = − 0.61, p < 0.001). Nonresponders showed higher levels of fat mass-adjusted leptin than responders during fasting and throughout the 60-, 90-, and 120-min time points. During the OGTT, non-responders showed lower-than-fasting leptin levels at the 90-and 120min time points. Responders showed no differences in leptin from fasting levels throughout the OGTT (Fig. 2) .
Ghrelin
There was a tendency for a positive correlation between %EBMIL and fasting plasma ghrelin (r = 0.30, p = 0.06, Fig.  1 ), but this correlation was not found in the normoglycemic subgroup. Ghrelin levels did not differ between responders and non-responders during fasting or throughout the OGTT. Ghrelin returned to baseline levels in non-responders at the 120-min time point, whereas responders showed lower-thanbaseline ghrelin levels throughout the OGTT (Fig. 2) .
Ghrelin/Leptin Ratio
Responders showed a higher ghrelin to leptin ratio during fasting and at the 60-and 90-min time points compared with non-responders ( Fig. 2) .
GIP, GLP-1, and PYY
Fasting levels of GIP, GLP-1, and PYY did not differ between non-responders and responders. For all three hormones, both groups demonstrated increased plasma levels in response to the OGTT at all times. There was a tenfold increase in GLP-1 from baseline to the 30-min time point in both groups (Fig. 2) .
Glucose Homeostasis
Non-responders presented with a higher fasting blood glucose and lower insulin sensitivity than responders. No differences were observed between responders and non-responders regarding fasting serum insulin, β cell function, and glucose or insulin response to the OGTT ( Table 2 , Fig. 3 ).
T2DM Subgroup Analysis
As expected, the T2DM group presented higher levels of fasting glucose, higher glucose response, and lower insulin response to the OGTT than the normoglycemic group. T2DM subjects also had lower insulin sensitivity and β cell function compared with normoglycemic subjects. T2DM subjects showed lower GLP-1 levels compared at the 90-and 120-min time points compared with normoglycemic participants, but comparable levels of leptin, ghrelin, PYY, and GIP (Fig. 4 ). There were no differences between groups regarding the ratio between ghrelin and leptin throughout the OGTT.
Discussion
Fasting plasma levels of leptin and ghrelin correlated with weight result more than 5 years after surgery, and hormonal response to glucose differed between weight responders and non-responders during an OGTT. Furthermore, differences in gut hormones known to change after RYGBP were associated with glucose homeostasis in post-RYGBP participants.
There is no single best method with which to evaluate postoperative weight result. Changes in excess BMI, total body weight, and degree of weight regain have all been used for this purpose [24] . The use of %EBMIL, although reported to yield greater results in lighter subjects compared with heavier ones [25] , is considered safe in this study as the presented groups were matched for preoperative BMI. Beyond changes in excess BMI, a definition of successful weight loss should also include remission of comorbidities and improvement of patients' quality of life.
Circulating leptin is known to decrease by 50% during the first postoperative week after RYGBP surgery and to decrease further throughout the first postoperative year during weight loss Fig. 4 Adipose and gut peptide hormones in T2DM and normoglycemic participants after RYGBP. Measured at baseline (0), 30, 60, 90, and 120 min during an oral glucose tolerance test (OGTT). Hormone levels presented as medians with 95% CI. *p < 0.05 [26] . Long-term weight result correlated negatively with fat mass-adjusted fasting leptin levels, with non-responders showing higher levels of leptin than responders during the OGTT as well as lower-than-baseline levels at the end of the OGTT. This is in line with earlier findings where leptin levels in morbidly obese subjects (BMI 45 kg/m 2 ) were higher than in lean subjects [27] . The present data suggests that short-term RYGBP-induced leptin decreases are not sustained in subjects with poor weight result many years after surgery, with leptin levels and response to OGTT resembling those of non-operated obese subjects.
Although a tendency for positive correlation was found between fasting ghrelin and %EBMIL, no differences in fasting or glucose-stimulated ghrelin were found between weight responders and non-responders, which agrees with earlier studies where no change in fasting ghrelin was observed in weight-reduced patients up to 2 years after RYGBP surgery [28, 29] . Non-responders rather showed fasting ghrelin levels similar to those found in overweight non-operated subjects with similar fasting blood glucose levels [30] . Interestingly, variations in ghrelin levels occurred in both groups during the OGTT, where non-responders returned earlier to baseline levels. Diurnal and postprandial variations of ghrelin are otherwise known to disappear in obese subjects, and postprandial levels of ghrelin to be suppressed up to 2 years after RYGBP [29, 31] . These findings suggest that, early postoperative changes notwithstanding, leptin and ghrelin levels in non-responders many years after surgically induced weight loss resemble those of non-operated obese individuals, probably due to preserved or regained adiposity. The earlier rise of ghrelin to baseline level combined with leptin decreasing below baseline level at the end of the OGTT in non-responders would presumably have a stimulating effect on appetite, thus favoring weight gain.
Leptin is known to cross the blood-brain barrier, acting on hypothalamic neurons. The ghrelin assay in this study is highly selective for acyl-ghrelin, which preferentially (compared with other forms of ghrelin) crosses the blood-brain barrier, engaging GHS1R receptors of hypothalamic neurons [32] . It is intriguing that, although there were clear differences in both leptin and ghrelin, the ratios between the two hormones were preserved between responders and non-responders. The net consequences of these different permutations of ghrelin and leptin for hunger and reward systems of the hypothalamus are unclear. The neural circuitry of these systems is complex, involving several types of neurons [33] . Cross-talk between ghrelin and leptin at different concentrations through, for example, AgRP/NPY neurons when their ratios are clamped may be a fruitful line of future research.
Fasting levels of GLP-1, PYY, and GIP, as well as their responses to an oral glucose load, were similar in responders and non-responders. After RYGBP, GLP-1 increases progressively during the first postoperative year, albeit with considerable delay after improvement in glucose homeostasis and weight loss [5] , and therefore, the causative effect of GLP-1 on these changes has been challenged. As reported earlier, the plasma levels of GLP-1 in the short term after RYGBP [34] , both our groups present a 30-min peak, with GLP-1 levels increasing tenfold compared with baseline. Similar to GLP-1, RYGBP surgery increases fasting [35] as well as postprandial PYY levels postoperatively compared with lean and obese control subjects [36, 37] . This study shows none of the short-term changes in these two hormones reported to be associated with the long-term weight result, despite typical postoperative gut hormone patterns [36] . Moreover, GLP-1 analogues have been introduced as a pharmacological therapy for weight loss [38] . The similar GLP-1 responses in responders and non-responders can be interpreted to indicate that use of GLP-1 analogues in non-responders to improve weight loss after RYGBP probably increases the circulating pool of GLP-1 agonists to super-physiological levels, as opposed to restoring sub-physiological levels to normal levels.
The prevalence of T2DM in subjects with morbid obesity undergoing RYGBP, about 16%, is reduced postsurgically [39] . In the subgroup analysis, the T2DM group showed lower fasting ghrelin and PYY than the weight-similar normoglycemic group. Lower levels of GLP-1 in response to an oral glucose load could explain relapse to diabetes years after RYGBP in individuals with T2DM prior to their surgery.
Limitations
This study is limited by the lack of longitudinal data, like the participants' preoperative hormone levels or preoperative hormonal responses to an OGTT, nor were non-hormonal factor, e.g., eating habits and physical exercise studied. Also, while providing a degree of uniformity, the inclusion of only female participants operated with shorter limb lengths than those used nowadays may be a limiting factor. In addition, there is a large variation in follow-up years within each group but as all participants were operated more than 5 years prior to the present investigations, this study represents long-term outcomes of bariatric surgery.
Conclusion
Poor long-term weight result and glycemic status after RYGBP are each associated with differences in peptide hormone levels. Although correlations between weight result and fasting leptin and ghrelin levels may in part be attributed to adiposity in longterm non-responders after RYGBP, the temporal pattern of these hormonal responses to an oral glucose load suggests they might promote obesity by way of hunger/satiety signaling. This stresses the importance of early identification of non-responders to RYGBP surgery. Lower GLP-1 levels seen in this postoperative study in subjects that had T2DM prior to surgery could explain their hyperglycemic status years after RYGBP.
